Highly efficient blue phosphorescent organic light-emitting diodes (PHOLEDs) were achieved by blending the same hole-and electron-transporting layer materials in device as the host in the emissive layer. The design of this kind of device structure not only decreases the amount of used organic materials but also greatly reduces the structural heterogeneities and effectively facilitates the charge injection into the emissive layer. The resulting blue PHOLEDs exhibit higher electroluminescent efficiency. The maximum external quantum efficiency and power efficiency reach 20.4% and 55. 4 , respectively, at a luminance of 100 and 1000 cd m
À2
, showing a low efficiency roll-off property. The mechanism studies fully demonstrate that the bipolar co-host system extends the lifetime of excitons, broadens the recombination zone, and improves the charge carrier injection and transport balance, which are of greatly critical to get the improved efficiency and efficiency roll-off at high luminance in the blue PHOLEDs. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4720512] Organic light-emitting diodes (OLEDs) have attracted a lot of attention because of their advantages in both display and lighting applications.
1-3 Phosphorescent OLEDs (PHOLEDs) are an effective way to achieve high efficiency due to their potential for achieving unity internal quantum efficiency (IQE) through harvesting both singlet and triplet excitons.
1 Green and red PHOLEDs with almost 100% IQE have been reported. 3 However, the efficiency of blue PHOLEDs is much lower than those reported green and red PHOLEDs. Since the blue light is indispensable in achieving white PHOLEDs and color displays, the further improvement of the performance of blue PHOLEDs is considerably significant. 4 A variety of methods have been suggested to improve the performance of blue PHOLEDs through device engineering such as adequate interlayer, 5 stepwise doping, 6 and double emissive layer (EML). 7 However, the efficiency of the blue PHOLEDs, especially at a high luminance region, is quite limited because of a severe roll-off due to triplet-triplet annihilation (TTA) or triplet-polaron annihilation (TPA) in the EML. 8, 9 which is generally caused by space charge accumulation caused by narrow exciton recombination region. A high triplet excited state bipolar host materials may be an alternative since the utilization of the bipolar hosts could extend the exciton distribution, thus avoiding the problem of space charge accumulation. However, a high triplet excited state implies a large electrical band gap, i.e., a low-lying highest occupied molecular orbital (HOMO) and/or highlying lowest occupied molecular orbital (LUMO) level. Obviously, it is hard to synthesize the host materials like this that simultaneously satisfies all the requirements.
Blending different hole-transporting and electrontransporting host materials instead of a single bipolar host material have been demonstrated to be an effective approach to get high-efficiency blue PHOLEDs with reduced efficiency roll-off. [10] [11] [12] For example, a combination of two holetransporting host materials N,N 0 -dicarbazolyl-3,5-benzene and 4,4 0 ,4 00 -tris(N-carbazolyl)triphenylamine (TCTA) with an electron-transporting host m-bis-(triphenylsilyl)benzene, 10 or a combination of TCTA with an electron-transporting host material 2-(diphenylphosphoryl)spirofluorene and an bipolar transporting host material 2,6-bis(3-(carbazol-9-yl)phenyl) pyridine 11 as co-host has realized high efficiency blue PHOLEDs and the efficiency roll-off at high luminance is greatly improved. However, in these devices, the energy barrier between the host material and adjacent hole-(hole-transporting layer (HTL)) or electron-transporting layer (ETL) still remains, where the charge carriers have to overcome by additional external electric field and the injected charge carriers are also easy to accumulate.
In this paper, we used a combination of a holetransporting material TCTA and an electron-transporting material 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene (TmPyPb) by blending as host to fabricate high-efficiency blue PHOLEDs. The importance is that the TCTA and TmPyPb are also used as HTL and ETL in devices, respectively. This not only reduces the structural heterogeneities but also effectively facilitates the charge carrier injection and transport from HTL and ETL into EML. The resulting blue PHOLED shows a low operational voltage and a high efficiency as well as an improved efficiency roll-off. We have attributed the significant improvement in device performance to the extending of the exciton lifetime, the broadening of the recombination zone, and the balancing of the charge carrier injection and transport in EML due to the utilization of TCTA:TmPyPb bipolar host in EML and the same materials, respectively, as the hole-transporting layer and electron-transporting layer adjacent to the EML. The device structure, energy level diagram, and chemical structures of materials used in this study were shown in Fig. 1 . TCTA and TmPyPb function as both the charge transporting layer (HTL and ETL, respectively) and the host material in EML because they have high hole and electron mobility as well as high triplet energy levels of 2.76 and 2.78 eV, respectively. 13, 14 A blue light-emitting material iridium(III)bis (4,6- 15 was doped in the blending host as the EML. The doping concentration of FIrpic was fixed at 8%. The ratio of TCTA to TmPyPb was optimized and fixed at 1:2. For comparison, the devices with TCTA or TmPyPb single host doped FIrpic were also fabricated. Accordingly, the three devices were used to investigate the effects of host properties on device performance by using the configuration of indium tin oxide (ITO)/MoO 3 (3 nm)/TCTA (50 nm)/TCTA:FIrpic or TmPyPb:FIrpic or TCTA:TmPyPb:FIrpic (20 nm)/ TmPyPb (30 nm)/LiF (1 nm)/Al (120 nm). To achieve efficient blue PHOLEDs, the effective confinements of both charge carriers and triplet excitons are necessary. 5, 7 As we see, both TCTA (T 1 ¼ 2.76 eV) and TmPyPb (T 1 ¼ 2.78 eV) have a higher triplet energy level than FIrpic (T 1 ¼ 2.62 eV), 15 and thus confining the triplet exciton within the EML well. Figure 2 (a) shows the current density-voltage-luminance (J-V-L) characteristics of the fabricated three devices. The current density and luminance were gradually increased and the operational voltage was gradually reduced from the case of electron-transporting TmPyPb as host to the holetransporting TCTA as host and finally the bipolar transporting TCTA:TmPyPb as host. The current density increase and the operational voltage reduction in the TCTA:TmPyPbbased devices may be well explained by the efficient electron and hole injection and transport, respectively, through TmPyPb and TCTA from TmPyPb electron-transporting layer and TCTA hole-transporting layer. Since FIrpic is a well-known electron-transporting triplet emitter, 13 the hole injection and transport in the device based on TmPyPb host would be much harder than the electron injection and transport in the device based on TCTA host. Therefore, the TmPyPb-based devices exhibit lower current density and higher operational voltage. , respectively, which are superior to the peak external quantum and power efficiencies of 18.6% and 48.7 lm W À1 for TCTA host-based device, and 17.7% and 38 lm W À1 for TmPyPb host-based device. More importantly, the utilization of blending host structure significantly improves the efficiency for TmPyPb host-based device, with the roll-off value of 22% and 35%, respectively. Table I summaries the device performances in detail. It has been well known that the narrow recombination zone was inferior for the efficiency roll-off due to its high exciton density that induces the TTA and TPA processes. 6, 8 Here, we found that the combination of TCTA with TmPyPb performs bipolartransporting characteristics and thus broadens the excitonformation region and balances the charge carrier injection and transport. To demonstrate this point, the devices with the structure of ITO/MoO 3 (3 nm)/TCTA (50 nm)/TCTA: bis (2,4- 2 (acac)] (8 wt. %) (10 nm)/TCTA (10 nm) or TmPyPb (10 nm) or TCTA:TmPyPb (1:2) (10 nm)/TmPyPb:FIrpic (8 wt. %) (10 nm)/TmPyPb (30 nm)/LiF (1 nm)/Al (120 nm) were fabricated. The EL spectra of the devices are shown in Figure 3(a) . It is clearly seen that the device with TCTA:TmPyPb spacer between orange-red and blue EMLs shows two different peaks in EL spectrum, the orange-red emissive peak from Ir(MDQ) 2 (acac), and the blue emissive peak from FIrpic. Furthermore, the orange-red emission from Ir(MDQ) 2 (acac) is gradually enhanced with increasing the applied voltages ( Fig. 3(a), left) . Relatively, only a blue emission peak from FIrpic is observed in the device with TCTA spacer between two EMLs (Fig. 3(a) , middle) and only an orange-red emission peak from 
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Chen et al. Appl. Phys. Lett. 100, 213301 (2012) Ir(MDQ) 2 (acac) in the device with TmPyPb spacer (Fig. 3(a) , right). The results strongly indicate that the utilization of the TCTA:TmPyPb blending layer in devices does broaden the width of the exciton recombination zone (Fig. 3(b) , left). Comparatively, the excitons in devices with the cases of TCTA and TmPyPb are located within a narrow recombination zone, respectively, at the interfaces of TCTA/TmPyPb:FIrpic (Fig.  3(b) , middle) and TCTA:Ir(MDQ) 2 (acac)/TmPyPb (Fig. 3(b) , right). The formation of the wide recombination region in the TCTA:TmPyPb blend-based devices obviously avoids the accumulation of a high exciton density in EML, thus improving the efficiency roll-off at high luminance. Furthermore, the bipolar transport property of the TCTA:TmPyPb blend also adjusts the transport balance of electrons and holes in EML; therefore, the EL efficiency is greatly improved.
To have an insight into the notable characteristics of the TCTA:TmPyPb blend host, the photoluminescence (PL) transient characteristics in different cases of organic films (film 1: TCTA:TmPyPb:FIrpic, film 2: TCTA:FIrpic, and film 3: TmPyPb:FIrpic,) were further performed. In summary, we fabricated high efficiency blue PHOLEDs by blending the hole-transport layer material and electron-transport layer material in device as the host in EML. It is clearly seen that this kind of device structure not only decreases the amount of used organic materials, but also greatly reduces the structural heterogeneities and effectively facilitates the charge injection into the emissive layer. As a result, the EL efficiency and efficiency roll-ff of fabricated blue PHOLEDs are greatly improved. We have attributed the significant improvement in device performance to the broadened recombination zone, and the balanced charge carrier injection and transport due to the utilization of TCTA:TmPyPb bipolar host in EML. The described heterogeneity device concept may be useful to fabricate highly efficient devices for future OLED display and lighting applications.
